OLEDs generally comprise functionally divided organic multilayers-for example, holetransporting (HT), emissive, and electron-transporting (ET) layers. [1, 2] In the last decade, many kinds of amorphous molecular semiconductor materials, [3, 4] HT materials, [5] [6] [7] [8] [9] [10] [11] [12] and ET materials, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] have been proposed. Among these, HT molecular semiconducting materials have become practical due to their high charge-carrier mobility and excellent operational durability, but few reports exist to date on ET organic semiconducting amorphous materials that perform well in terms of high-speed transport of electrons, easy injection of electrons from the cathode, and good operational durability. [16] Tris (8-hydroxyquinolinato) aluminum(III) (Alq) was used in the first bright OLED reported by Tang et al. in 1987 [1] ; it is still conventionally used as an ET material, despite its slow electron mobility, [24] because of its relatively good operational durability. However, as a reflection of the imbalanced performance between ET and HT materials, electron-feeding from the cathode into an emissive layer controls device characteristics. As a result, the development of efficient ET organic amorphous semiconducting materials remains an important challenge.
ET materials with high electron mobilities provide some advantages, including lower operating voltage and lower power consumption. Moreover, if ET materials have wide band gaps-that is, deep highest occupied molecular orbitals (HOMOs)-they can also work as holeblocking (HB) materials. Hole-blocking is desirable because complete confinement of holes in emissive layers by the HB layer raises the quantum efficiency (QE) of electroluminescence (EL).
Furthermore, when considering phosphorescent OLEDs (PHOLEDs) that can theoretically provide the 100% internal electron-photon conversion efficiency theoretically [25] , a complete confinement for triplet exciton energies of phosphorescent light-emitters also becomes important to attain extremely high QE.
We have frequently reported on ET materials with high electron mobilities based on one molecular design concept: hybridizing bipyridine with common ET units such as oxadiazole or triazole. [26] [27] [28] Can we now make good ET materials based on bipyridine only?
Bathophenanthroline, a common good ET material, is similar in structure to bipyridine. Kido et al. recently reported that tris-pyridine-substituted triphenylbenzenes exhibit very good electron- . [29] As a result, we can assume that the tris-bipyridine-substituted benzene (BpyB) and tris-terpyridine-substituted benzene (TpyB) examined in this study will be good ET-layer materials for OLEDs. As described herein, OLEDs with these new materials clearly operate at lower voltage than do OLEDs with Alq, a conventional ET material. The new materials are also useful for phosphorescent OLEDs, where they work not only as ET but also as HB materials. Figure 1 shows chemical structures of the newly developed materials BpyB and TpyB, synthesized from bipyridine or terpyridine bromides with tris(pinacolboryl) benzene by SuzukiMiyaura coupling reaction. BpyB and TpyB were purified, before evaluation and measurements, by temperature-gradient sublimation in a flow stream of pure Ar gas. Other OLED materials were obtained from industrial companies as sublimation grades and used without further purification. [2,2′] bipyridine (Br-Bpy) Br-Bpy was synthesized from 2,6-dibromopyridine (11.8 g, 52.8 mmol) and 2-pyridyl zinc bromide (55.0 mmol) that was contained in 110 ml of its tetrahydrofuran (THF) solution (0.5 M) using 50 ml of THF as additional solvent and tetrakis(triphenylphosphine)Pd(0) (1.7 g, 2.5 mmol) as catalyst. With the reaction solution kept below 10C with an ice bath, the 2-pyridyl zinc bromide solution was added dropwise. The ice bath was removed and the solution was stirred continuously for 48 h. Then, 10-wt% ethylenediamine-N,N,N',N'-tetraacetic acid, disodium salt (EDTA 2Na) aqueous solution (500 ml) was added in small steps. Chloroform extraction and distillation of the solvent gave a crude brown powder. Purification by silica gel chromatography with a toluene/ethyl acetate mixture as eluent yielded Br-Bpy as white powder (7.0 g; 54% yield). as catalyst in dimethyl sulfoxide. The reaction mixture was refluxed for 21 h, and then cooled to room temperature. Pure water (1000 ml) was added and the mixture was stirred for 30 min and filtered to remove precipitates. Addition of methanol gave a crude white crystalline powder, which was dissolved in ethyl acetate, filtered to remove the catalyst, and distilled to yield pure (PinB) 3 B (7.1 g; 57% yield).  H (600 MHz, CDCl 3 ): 8.37 (s, 3H), 1.33 (s, 36H). C-NMR spectra were recorded on an FT-NMR spectrometer (JEOL JNM-ECA600). Thermal analyses were performed on a differential scanning calorimeter (Seiko Instruments DSC-6200) at a heating rate of 10°C/min under N 2 gas. Ultraviolet (UV) and visible absorption spectra were recorded with a spectrophotometer (Shimadzu UV-3150);
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photoluminescence (fluorescence and phosphorescence) spectra were recorded with a spectrofluorometer (Horiba FluoroMax4P). HOMO energy was determined with a photoelectron 6 emission yield spectrometer (Riken Keiki AC-3), and the HOMO energy was defined as being equal to the ionization potential measured by photoelectron emission spectroscopy. Optical band gaps were determined by the spectral onset of each UV-visible absorption spectrum; the lowest unoccupied molecular orbital (LUMO) energy was then estimated to be the difference between the HOMO energy and the optical bandgap. Spectroscopic measurements were conducted with thin films prepared by thermal evaporation on quartz substrates.
Electron mobility was measured by conventional time-of-flight (TOF) techniques. The excitation light was a 500-ps-duration optical pulse from an N 2 gas laser (= 337 nm, Usho
Optical Systems KEN-150). Test samples were prepared by thermal evaporation in vacuum and encapsulated with fresh desiccant under a highly inert atmosphere of N 2 at the dew point of almost −60°C and O 2 concentration of <10 ppm. A 100-nm-thick fullerene C 60 layer was used as a charge-generation layer for optical excitation. [27] Computational chemistry was conducted with commercial software (Wavefunction Spartan 06W) on a personal computer with a dual-core processer. Density function theory (DFT) was used to determine conformations, with a B3LYP hybrid functional and a 6-311G* basis set for determining optimized geometries and estimating activation energies for conformation change. During the estimation of activation energies, we constrained the dihedral angle that was responsible for the conformation change and conducted each geometry optimization with the dihedral constraint at several angles. Figure 2 shows differential scanning calorimetry (DSC) curves for BpyB and TpyB.
Results and Discussion
Thermal and Electronic Properties
During the first heating procedure, endothermic peaks due to melting are observed for the two powders at 240°C and 305°C, respectively. For BpyB, during the second heating procedure, a baseline shift due to glass transition and an exothermic peak at 146°C due to recrystallization are observed; the glass transition temperature Tg is 75°C. For TpyB, during the second heating procedure, the same transitions occur: recrystallization at 166°C and Tg at 110°C. These results confirm that both powders can form stable glassy thin films by vacuum evaporation. Tg is higher for TpyB (110°C) than for NPB (94°C), a practical HT material (Fig. 5 ). properties of BpyB and TpyB are summarized in Table 1. 3.2 OLED properties Figure 5 shows the current density-applied voltage (J-V) characteristics of OLEDs with BpyB or TpyB as an ET material as well as of a reference device without the new materials. Figure 6 shows the structure of the associated OLED and the various chemicals used in it.
OLEDs with the new materials perform better (operate at lower voltage) than a reference OLED with Alq. Therefore, we conclude that we can make a good ET material with bipyridine and/or terpyridine only. The BpyB device shows almost the same luminous efficiency (4.0 cdA −1 ) as does the reference device with Alq. The TpyB device shows even higher luminous efficiency (5.0 cdA −1 ), probably due to the deeper HOMO of TpyB, which is effective for preventing hole leakages from the emissive layer. As noted earlier, hole-blocking is important for attaining high QE of EL. While we observed no increase in efficiency for BpyB, the lower operation voltage of the device with BpyB implies high electron mobility of BpyB, and the high mobility might move the electron-hole recombination zone for the NPB/Alq interface. The move of the recombination zone is probably a reason no increase of the QE because a very recent report indicated that an interaction between NPB and Alq apparently reduces the luminescence efficiency of Alq [30] .
We believe that BpyB should also have HB properties because of its sufficiently deep HOMO.
Because BpyB and TpyB perform well not only as ET materials but also as HB materials, we investigated their use as double-function ET/HB materials. Recent highly efficient phosphorescent OLEDs have both an HB layer and an ET layer. In particular, an HB layer is important for obtaining high QE because hole leakage seriously reduces efficiency. Moreover, it is more important to consider triplet energy dissipation from the emissive layer to the holeblocking layer for attaining high QE. At present, only a few materials are used as HB materials for phosphorescent OLEDs, including bathocuproine (BCP) and bis (2-methyl-8-quinolinolato) (p-phenylphenolato) aluminum (BAlq). 
Electron Mobility
Finally, we would like to briefly discuss electron mobility in the new materials. Figure 10 for dispersive transportations, we drew the two auxiliary straight lines as shown in the figure and determined the t T at the crossing point of the auxiliary lines. Note that the two slopes of the two auxiliary lines for each photocurrent are almost the same as each other, and this also endorses that the observed photocurrents are due to drift motions in the film. If we take electron mobility μ to be
where D is the distance between the two electrodes (4.0 m), d is the thickness of the prepared BpyB layer (3.9 m), and V is the applied voltage, we can determine, for example, that μ = 2.6  ) at approximately the same electric field. [33] This high mobility probably accounts for the better J-V curve for the OLED with BpyB than for the OLED with the corresponding reference. Figure 11 shows electron mobility as a function of the square root of the applied electric field for several materials, including BpyB and TpyB. Both BpyB and TpyB show mobility that is at least an order of magnitude higher than that of Alq. This high mobility is comparable to that of a representative ET material with high electron mobility: a silole derivative, 2,5-bis(6′-(2′,2′′-bipyridine))-1,1-dimethyl-3,4-diphenylsilole (PyPySiPyPy). [33, 34] The mobility was relatively high but lower than that (1.0  10 −3 cm 2 V −1 s −1 at 6.4  10 5 Vcm −1 ) of tris-pyridyl substituted 1,3,5-triphenylbenzene (TmPyPB) reported by Kido et al [29] of which structure was similar to BpyB, and we are unsure about the reasons for the difference at present. In addition, mobility is lower for TpyB than for BpyB. Although we are also not sure at present about the reason, the lower mobility reflects the higher operating voltages for TpyB devices than for BpyB devices, as shown in all of the figures showing J-V characteristics.
Conclusion 11
We demonstrated that tris-bipyridine-substituted benzene (BpyB) and tris-terpyridinesubstituted benzene (TpyB) are good ET-layer materials for OLEDs. Electron mobilities for these new materials (~10 −4 cm 2 /Vs) are much higher than that for Alq and almost the same as that for conventional high-mobility ET materials such as bathophenanthroline and silole derivatives.
OLEDs with these new materials operate at lower voltages than does an OLED with Alq as an ET material. The new materials are also useful for phosphorescent OLEDs in blue-, green-, and red-light-emitting devices, where they work as both electron-transporting and hole-blocking 
